1. Introduction {#sec1}
===============

Progressive loss of islet β-cell mass and function is a key defect in type 2 diabetes (T2D) that leads to β-cell failure and hyperglycemia [@bib1], [@bib2]. Increasing evidence suggests that islet inflammation contributes to progressive β-cell dysfunction in T2D [@bib3], [@bib4], [@bib5], [@bib6]. A key regulator of islet inflammation is the pro-inflammatory cytokine interleukin-1β (IL-1β) [@bib7], [@bib8]. The resident macrophages [@bib9], [@bib10], [@bib11], [@bib12] and pancreatic β-cells themselves [@bib12], [@bib13], [@bib14], [@bib15] are thought to be potential sources of IL-1β in islets. IL-1β signaling is mediated through IL-1 receptor type 1 (IL-1R1), while IL-1 receptor type 2 (IL-1R2) serves as a decoy receptor [@bib16]. The high abundance of IL-1R1 on β-cells is likely the reason for higher sensitivity of β-cells to IL-1 action as compared to other islet cells [@bib17], [@bib18]. The contributing factors to islet inflammation and increased IL-1β levels in T2D are still not completely understood, but it appears that multiple factors such as elevated glucose, fatty acids, angiotensin II, and amyloid formation may contribute to this process [@bib11], [@bib12], [@bib13], [@bib14], [@bib18], [@bib19].

Islet amyloid, a pathological characteristic of the pancreas in T2D [@bib20], [@bib21], also forms in human islets during culture [@bib14], [@bib15], [@bib22], [@bib23] and following transplantation [@bib24], [@bib25], [@bib26]. In all three conditions, amyloid formation is associated with progressive β-cell dysfunction and death [@bib15], [@bib21], [@bib22], [@bib26], [@bib27]. Islet amyloid forms by aggregation of human islet amyloid polypeptide (hIAPP), a normally produced β-cell hormone that is co-expressed and co-secreted along with insulin from β-cells [@bib28]. The oligomeric form of hIAPP is considered to be more toxic than large fibrils [@bib20], [@bib29]. It appears that multiple mechanisms contribute to amyloid-mediated β-cell death including endoplasmic reticulum (ER) stress [@bib30], oxidative stress [@bib31], defects in autophagy/lysosomal pathway [@bib32], membrane disruption and formation of ion-channel like structures [@bib33], [@bib34]. The different mechanisms that contribute to islet amyloid induced β-cell toxicity may share similar apoptotic signaling pathways.

Growing evidence suggests that IL-1β plays a key role in mediating amyloid-induced islet inflammation: 1. Amyloid formation in cultured human and hIAPP-expressing mouse islets induces IL-1β production and β-cell expression of the Fas cell death receptor (APO-1/CD95) [@bib14], [@bib15]; 2. Prevention of amyloid formation markedly reduces IL-1β production, β-cell Fas expression and apoptosis in both cultured human and hIAPP-expressing mouse islets [@bib12], [@bib14]; 3. Treatment with anakinra (Kineret), a recombinant human IL-1 receptor antagonist, significantly decreases hIAPP-induced β-cell Fas upregulation and apoptosis [@bib12]; 4. Exposure to synthetic hIAPP aggregates promotes IL-1β expression in islet resident macrophages [@bib11]; 5. Islet amyloid formation *in vivo* is associated with islet inflammation and elevated pro-inflammatory cytokines, including IL-1β, in transgenic hIAPP-expressing mice [@bib11], [@bib35].

IL-1 receptor antagonist (IL-1Ra) is a natural inhibitor of both IL-1β and IL-1α which is produced and secreted from various cell types including monocytes, macrophages and islet β-cells [@bib36], [@bib37]. IL-1Ra has four described isoforms, three of which are intracellular while the fourth is secreted from cells [@bib36]. The biological role of intracellular isoforms is still not clear, while the secreted isoform is known to competitively bind to IL-1R1 (but not IL-1R2) [@bib36], [@bib38]. Interestingly, IL-1Ra levels are reduced in islets from patients with T2D [@bib37], suggesting that changes in IL-1Ra may play a role in the pathogenesis of T2D, but the underlying molecular mechanisms have yet to be identified.

We previously showed that the IL-1β/Fas/caspase-8 apoptotic signaling pathway plays a significant role in mediating β-cell death induced by biosynthetic hIAPP aggregates [@bib12], [@bib14], [@bib15]. In this study, we investigated the potential changes in IL-1Ra levels during amyloid formation in human islets. We further examined whether modulating the balance between IL-1β and IL-1Ra by neutralizing IL-1β signaling can prevent amyloid-induced Fas upregulation and its β-cell toxicity.

2. Materials and methods {#sec2}
========================

2.1. Human islet culture {#sec2.1}
------------------------

Islets isolated from 10 cadaveric pancreatic donors (18--58 years) were provided by the Ike Barber Human Islet Transplant Laboratory (Vancouver, BC, Canada) in accordance with approved procedures and guidelines of the Clinical Research Ethics Board of the University of British Columbia. Hand-picked human islets (purity \>90%; assessed by dithizone staining) were cultured free-floating (55 islets/well; non-adherent 24-well plate) in CMRL (Mediatech, Herndon, VA, USA) supplemented with 11.1 mmol/L glucose, 10% fetal bovine serum (FBS), 50 U/mL penicillin, 50 μg/mL streptomycin and 50 μg/mL gentamicin (Invitrogen, Burlington, ON, Canada). Islets were cultured in humidified 5% CO~2~/95% air at 37 °C. The medium was replaced every 48 hours.

2.2. Adenoviral transduction and treatment of human islets {#sec2.2}
----------------------------------------------------------

Human islets were transduced overnight with Ad-prohIAPP-siRNA, an adenovirus that delivers a human proIAPP specific small interfering RNA (siRNA) at multiplicity of infection (MOI: 20), or Ad-control-siRNA, an adenovirus that delivers a random non-specific siRNA (MOI: 20), as previously described [@bib22]. Transduced human islets were then rinsed and cultured in CMRL (11.1 mmol/L glucose, 7 days) in the presence or absence of a human IL-1β neutralizing monoclonal antibody (1 μg/mL; InvivoGen, San Diego, CA, USA), which blocks the biological activity of IL-1β (effective at IL-1β/IL-1Ra ratio: 1:2,000--1:8,000). Human islets treated with anakinra (Kineret, 10 μg/ml; donated by Sobia Pharmaceutics, Denton, MD, USA) were used as a control.

2.3. Cell culture {#sec2.3}
-----------------

Transformed rat β-cell line, INS-1 (832/13), was provided by C. Newgard (Duke University Medical Center, NC, USA) and the mouse α-cell line, αTC-1, was from the American Type Culture Collection. INS-1 β-cells and αTC-1 cells were cultured in RPMI-1640 (Invitrogen; 11 mmol/L glucose) or DMEM (Invitrogen; 25 mmol/L glucose) respectively, supplemented with 10% FBS, 50 U/ml penicillin, 50 μg/ml streptomycin and 50 μmol/L 2-mercaptoethanol (for RPMI-1640 only). Cells were seeded (150,000/well) into 8-well chamber slides (BD Biosciences, Mississauga, ON, Canada) and treated with IL-1R1 antibody with or without IL-1β (R&D Systems, Minneapolis, MN, USA) for 24 hours.

2.4. Islet function test and IL-1Ra release {#sec2.4}
-------------------------------------------

Human islets (25 islets/condition) were pre-incubated for 1 hour at 37 °C in Krebs--Ringer bicarbonate (KRB) buffer containing 10 mmol/L HEPES (pH: 7.4), 0.25% bovine serum albumin (BSA), and 1.67 mmol/L glucose. Islets were then incubated for 1-hour in fresh KRB buffer with 1.67 mmol/L glucose (basal insulin release) followed by 1-hour incubation in 16.7 mmol/L glucose (stimulated insulin release). Human islets in each well were lysed in 1 mmol/L HCl/0.1% BSA and heated at 100 °C for 10 min. Incubation media and islet lysates were centrifuged (12,000 rpm, 10 min, 4 °C) and frozen at −20 °C until assayed. Insulin levels were measured using a human specific insulin ELISA kit (ALPCO Diagnostics, Salem, NH, USA) and normalized to islet protein levels (Pierce-ThermoFisher, Rockford, IL, USA). Islet IL-1Ra release was measured in culture medium collected on day 3 and 7 from each condition by a human specific IL-1Ra ELISA (R&D Systems).

2.5. Quantitative immunohistochemistry {#sec2.5}
--------------------------------------

Paraffin-embedded islet or tissue sections (5 μm) were dewaxed and rehydrated followed by antigen retrieval with citrate buffer. Islet sections were blocked in 2% normal goat and/or donkey serum (Vector Labs, Burlingame, CA, USA) and incubated overnight at 4 °C with primary antibodies, followed by 1-hour incubation at room temperature with appropriate secondary antibodies as detailed in [Supplementary Table 1](#appsec1){ref-type="sec"}. For TUNEL staining, after immunolabeling for insulin, islet sections (or cells) were incubated with TUNEL reaction mixture (1:20, Roche Diagnostics, Laval, QC, Canada) for 30 min at 37 °C. For thioflavin S staining, sections were incubated with 0.5% (wt/vol.) thioflavin S solution (Sigma--Aldrich, Oakville, ON, Canada) for 5 min at room temperature.

Images were captured using an Olympus IX81 inverted fluorescence microscope controlled by MetaMorph advanced software (version 7.7) or an ImageXpress Micro XLS system controlled by MetaXpress high-content image acquisition and analysis software (Molecular Devices Corporation; Sunnyvale, CA, USA) with a scientific CMOS camera and a 20× Plan Apo objective (NA = 0.75, 1-6300-0196; Nikon, Tokyo, Japan). The proportions of apoptotic and Fas-positive islet β-cells were assessed by counting the number of double insulin and TUNEL-positive or insulin and Fas-positive cells in islets. Islet β/α-cell ratio was calculated as the ratio of insulin- to glucagon-positive cells in islets. The proportions of A11 (oligomer)-positive and thioflavin S (amyloid)-positive islets were calculated as the percentage of A11 or thioflavin S-positive islets to total number of islets, respectively. Islet insulin- and amyloid-positive areas were calculated as the insulin-positive or thioflavin S-positive islet area divided by total islet area using Image-Pro analyzer software (version 6.3; Media Cybernetics, MD, USA). Quantitative immunohistochemistry analyses were performed on a minimum 4 human islet preparations (15--20 islets per condition in each study).

2.6. Statistical analysis {#sec2.6}
-------------------------

Data are expressed as means ± SEM. Statistical analyses were performed using two-way ANOVA followed by Newman--Keuls test as appropriate. A *p*-value of \<0.05 was considered significant. Studies were performed on 4--10 human islet preparations (4--10 donors) as indicated in each figure legend.

3. Results {#sec3}
==========

3.1. Treatment with neutralizing IL-1β antibody markedly reduces IL-1β immunoreactivity and prevents amyloid induced β-cell Fas upregulation in human islets during culture {#sec3.1}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We examined the effects of blocking IL-1β action on its auto-stimulatory production and β-cell Fas expression in amyloid forming and non-forming human islets during culture. Human islets that formed islet amyloid during 7-day culture in elevated glucose (11.1 mmol/L) had markedly higher IL-1β immunoreactivity and Fas-positive β-cells than those in which amyloid formation was prevented by adeno-siRNA-mediated suppression of prohIAPP expression ([Figure 1](#fig1){ref-type="fig"}A,B). Blocking IL-1β action by treatment with a monoclonal human IL-1β neutralizing antibody markedly decreased amyloid-induced IL-1β immunoreactivity (likely by reducing auto-stimulatory effects of IL-1β) and β-cell Fas upregulation in cultured human islets. Furthermore, neutralizing IL-1β reduced the proportion of both oligomer (A11)-positive and thioflavin S (amyloid)-positive islets as well as amyloid area to total islet area during 7-day culture ([Figure 1](#fig1){ref-type="fig"}C--E). Similarly, human islets transduced with Ad-control-siRNA (which expresses a non-specific siRNA) formed amyloid during 7-day culture and had comparable IL-1β immunoreactivity and Fas-positive β-cells with non-treated human islets, both of which were markedly reduced by treatment with IL-1β antibody.Figure 1**Treatment with neutralizing IL-1β antibody markedly reduces islet IL-1β immunoreactivity and prevents β-cell Fas upregulation induced by amyloid formation in cultured human islets.** Human islets non-transduced or transduced with Ad-prohIAPP-siRNA or Ad-control-siRNA (MOI: 20) were cultured with (+nIL1β) or without (-nIL1β) a neutralizing monoclonal human IL-1β antibody (1 μg/ml) in CMRL (11.1 mmol/L glucose) for 7 days. **(A)** Paraffin-embedded islet sections were immunolabeled for insulin (red), IL-1β or Fas (green) and thioflavin S (Thio S; blue) as indicated. The squares (dashed white lines) denote regions enlarged and depicted as inserts at the bottom right of each image. The top right inserts in each micrograph show immunolabeling for insulin (green) and A11 (red). Scale bar = 50 μm; inserts: ×3 (A11: ×4). **(B)** The proportion of Fas positive islet β-cells (fold over day 0). The percentage of **(C)** A11 (oligomer)-positive islets, **(D)** thioflavin S (amyloid) positive islets, and **(E)** amyloid area to total islet area. Data are presented as mean ± SEM of four independent studies (4 human islet preparations); n = 15--20 islets per condition in each study. \*vs day 0; \#vs corresponding non-treated group (*p* \< 0.05, two-way ANOVA).Figure 1

3.2. Neutralizing IL-1β signaling reduces amyloid-induced β-cell toxicity and enhances β-cell function in cultured human islets {#sec3.2}
-------------------------------------------------------------------------------------------------------------------------------

Blocking IL-1β action by treatment with IL-1β antibody markedly reduced the proportion of TUNEL-positive (apoptotic) β-cells in human islets during 7-day culture similar to that observed by adeno-siRNA-mediated inhibition of amyloid formation ([Figure 2](#fig2){ref-type="fig"}A,B). Treatment of Ad-prohIAPP-siRNA transduced islets with IL-1β antibody further reduced the number of apoptotic β-cells during 7-day culture as compared to islets treated with Ad-prohIAPP-siRNA alone. Moreover, as expected, progressive loss of islet β-cells during culture resulted in a significantly lower β/α-cell ratio and insulin-positive islet area in 7-day cultured human islets as compared to freshly isolated islets. Blocking IL-1β action increased islet β/α-cell ratio and insulin-positive area by ∼23% and ∼21%, respectively ([Figure 2](#fig2){ref-type="fig"}C,D). Finally, blocking IL-1β action improved β-cell function in 7-day cultured human islets manifested as higher islet insulin content and insulin response to elevated glucose ([Figure 2](#fig2){ref-type="fig"}E,F).Figure 2**Neutralizing IL-1β signaling reduces amyloid-induced β-cell apoptosis, improves islet β/α-cell ratio and β-cell area, and enhances β-cell function in cultured human islets.** Human islets non-transduced or transduced with Ad-prohIAPP-siRNA (or Ad-control-siRNA) were cultured with (+nIL1β) or without (-nIL1β) neutralizing IL-1β antibody (1 μg/ml) for 7 days. **(A)** Paraffin-embedded islet sections were immunolabeled for insulin (green) and TUNEL (red) or insulin (red) and glucagon (green) as indicated. Scale bar = 50 μm. **(B)** The proportion of TUNEL-positive islet β-cells, **(C)** islet β/α-cell ratio, and **(D)** insulin-positive area to total islet area. **(E)** Islet insulin response to elevated glucose (stimulation index) and **(F)** islet insulin content were measured in each condition. Data are presented as mean ± SEM of 6--8 independent studies (6--8 donors); n = 15--20 islets per condition in each study. Glucose stimulation test was performed on 10 human islet preparations (15 islets per condition in each study). \*vs day 0; \#vs corresponding non-treated group (*p* \< 0.05, two-way ANOVA).Figure 2

3.3. Islet IL-1Ra immunoreactivity is elevated in oligomer-positive human islets but is reduced in thioflavin S-positive human islets {#sec3.3}
-------------------------------------------------------------------------------------------------------------------------------------

We next examined the effects of amyloid formation at early and late stages of this process on IL-1Ra levels during islet culture. Human islets following 7-day culture in elevated (11.1 mmol/L) glucose had two distinguished populations of IL-1Ra-positive cells, those with low or high IL-1Ra immunoreactivity ([Figure 3](#fig3){ref-type="fig"}A). This pattern of IL-1Ra expression was observed mainly in amyloid forming cultured islets and to a much lesser extent in Ad-prohIAPP-siRNA transduced islets in which amyloid formation was suppressed ([Figure 3](#fig3){ref-type="fig"}) or in islets cultured in normal (5.5 mmol/L) glucose ([Supplementary Figure 1](#appsec1){ref-type="sec"}). Interestingly, islet areas which had stronger IL-1Ra immunoreactivity closely correlated with islet areas containing small hIAPP aggregates (oligomers), while islet areas which had faint IL-1Ra immunoreactivity closely correlated with thioflavin S-positive islet areas containing large hIAPP fibrils ([Figure 3](#fig3){ref-type="fig"}B). Islet IL-1Ra immunoreactivity was also detectable in human islets treated with anakinra, a recombinant IL-1Ra that binds to and therefore blocks IL-1R1 on islet cells, suggesting that islet IL-1Ra immunoreactivity, at least partially, is due to its production in human islet cells ([Figure 3](#fig3){ref-type="fig"}C).Figure 3**IL-1Ra levels are increased in oligomer-positive islet areas and reduced in thioflavin S-positive islet areas. (A)** Paraffin embedded sections from 7-day cultured (11.1 mmol/L glucose) non-transduced or transduced with Ad-prohIAPP-siRNA (or Ad-control-siRNA) islets were immunolabeled for insulin (red) and IL-1Ra (green). The squares (dashed white lines) denote enlarged regions shown as inserts. **(B)** Human islets were immunolabeled for IL-1Ra (green) and A11 (red; top panel) or insulin (red), IL-1Ra (green) and thioflavin S (Thio S; blue; bottom panel). **(C)** Paraffin-embedded sections from (left to right): ob/ob mouse and human adipose tissue immunolabeled for IL-1Ra (green; positive control); human islets incubated with secondary antibody alone (negative control) and anakinra-treated human islets immunolabeled for insulin (red) and IL-1Ra (green). Scale bar = 50 μm; inserts: ×3 (A11: ×4). Micrographs are representative of four independent studies (4 human islet preparations).Figure 3

3.4. Protein expression of **β**-cell specific genes Pdx-1 and MafA are not markedly changed during 7-day culture {#sec3.4}
-----------------------------------------------------------------------------------------------------------------

To examine whether IL-1Ra downregulation observed in amyloid forming human islets during culture in elevated glucose is specific to IL-1Ra or is due to a global decrease in β-cell protein expression associated with culture period, we assessed Pdx-1 and MafA, two β-cell specific proteins, in pre-culture and 7-day cultured human islets in different conditions ([Figure 4](#fig4){ref-type="fig"}). Following 7-day culture, Pdx-1 and MafA immunoreactivity in human islets were mildly decreased or comparable with pre-culture islets, suggesting that 7-day islet culture does not have any significant effect on their protein expression. Moreover, there was no detectable difference in Pdx-1 and MafA immunoreactivity between non-treated, Ad-prohIAPP-siRNA transduced, or neutralizing IL-1β antibody treated cultured islets.Figure 4**Expression of β-cell specific proteins in pre-culture and 7-day cultured human islets.** Human islets non-treated (control), transduced with Ad-prohIAPP-siRNA or treated with neutralizing IL-1β antibody (nIL1β; 1 μg/ml) were cultured (11.1 mmol/L glucose) for 7 days. Paraffin-embedded islet sections were immunolabeled for **(A)** insulin (red), Pdx-1 (green), and DAPI (gray) or **(B)** insulin (red), MafA (green), and DAPI (gray) as indicated. Scale bar = 50 μm. Micrographs are representative of four independent studies (4 human islet preparations).Figure 4

3.5. IL-1Ra immunoreactivity is detectable in human islet α-cells {#sec3.5}
-----------------------------------------------------------------

We also performed double glucagon and IL-1Ra immunolabeling on pre-culture and 7-day cultured human islets, to examine if IL-1Ra-positive islet cells that were not insulin-positive ([Figure 3](#fig3){ref-type="fig"}A) might be α-cells. Interestingly, we found IL-1Ra immunoreactivity in a significant number of glucagon-positive islet cells in both pre-culture and 7-day cultured human islets ([Figure 5](#fig5){ref-type="fig"}). These immunolabeling studies were further validated using a different IL-1Ra antibody ([Supplementary Figure 2](#appsec1){ref-type="sec"}). Moreover, treatment of transformed αTC-1 cells with IL-1β increased IL-1Ra immunoreactivity similar to that observed in transformed INS-1 β-cells, although αTC-1 cells had much lower basal IL-1Ra immunoreactivity as compared to INS-1 β-cells ([Supplementary Figure 3](#appsec1){ref-type="sec"}). Also, the effective IL-1β concentration required to induce IL-1Ra in αTC-1 cells was higher than that in INS-1 β-cells.Figure 5**IL-1Ra immunoreactivity is detectable in human islet α-cells. (A)** Paraffin-embedded sections from human islets transduced with Ad-prohIAPP-siRNA (or Ad-control-siRNA) and cultured (11.1 mmol/L glucose) for 7 days were immunolabeled for glucagon (red) and IL-1Ra (green). **(B)** Triple immunostaining of pre-culture human islets for insulin (blue), glucagon (red) and IL-1Ra (green). The squares (dashed white lines) denote regions enlarged and depicted as inserts at the bottom right of the corresponding images. Amyloid formation during islet culture is shown as an insert in merged micrographs (top right, insulin; red and thioflavin S; blue). Scale bar = 50 μm; inserts: ×3. Micrographs are representative of four independent studies (4 human islet preparations).Figure 5

3.6. IL-1Ra release from human islets is reduced during 7-day culture {#sec3.6}
---------------------------------------------------------------------

IL-1Ra was measured by ELISA in the culture medium collected on day 3 and day 7 from non-transduced, Ad-prohIAPP-siRNA, or Ad-control-siRNA transduced human islets with or without treatment with neutralizing IL-1β antibody. IL-1Ra release from human islets was reduced during 7-day culture in a time-dependent manner ([Figure 6](#fig6){ref-type="fig"}), which correlated with progressive amyloid formation ([Figure 1](#fig1){ref-type="fig"}) and loss of β-cells during culture ([Figure 2](#fig2){ref-type="fig"}). There was no significant difference in IL-1Ra levels detected in the culture medium from different groups.Figure 6**IL-1Ra release from Ad-prohIAPP-siRNA transduced and non-transduced human islets cultured with or without neutralizing IL-1β antibody. (A, B)** IL-1Ra release from human islets transduced with Ad-prohIAPP-siRNA or Ad-control-siRNA following 3 or 7 days culture (11.1 mmol/L glucose) in the presence (+nIL1β) or absence (-nIL1β) of neutralizing IL-1β antibody. **(C)** Comparison between islet IL-1Ra release following 3 and 7 days culture in each condition. Data are expressed as mean ± SEM of four independent studies (4 human islet preparations) performed in duplicate. \*vs corresponding day 3 group (*p* \< 0.05, two-way ANOVA).Figure 6

4. Discussion {#sec4}
=============

Increasing evidence from recent studies suggests that amyloid formation contributes to islet inflammation in T2D [@bib11], [@bib12], [@bib14], [@bib15], [@bib35], [@bib39] but the underlying molecular mechanisms are largely unknown. Our recent studies have shown that the IL-1β/Fas/caspase-8 apoptotic pathway plays an important role in amyloid-induced β-cell death in human islets [@bib12], [@bib14], [@bib15]. In this study, we demonstrate that production of IL-1Ra, the key natural inhibitor of IL-1β, is reduced in amyloid-positive human islets. We further show that restoring amyloid-induced impairment in IL-1β/IL-1Ra balance by neutralizing IL-1β can prevent Fas upregulation and β-cell apoptosis mediated by amyloid formation. Thus, it appears that amyloid formation disrupts the balance between islet IL-1β and IL-1Ra by promoting IL-1β and reducing IL-1Ra production, leading to β-cell dysfunction and death ([Figure 7](#fig7){ref-type="fig"}).Figure 7**A proposed mechanism for islet amyloid-induced islet inflammation and β-cell apoptosis.** Amyloid formation promotes islet IL-1β production while reducing islet IL-1Ra levels resulting in increased IL-1β/IL-1Ra ratio thereby contributing to islet inflammation, β-cell dysfunction, and apoptosis. Blocking IL-1β signaling or preserving islet IL-1Ra levels to restore IL-1β/IL-1Ra balance may provide effective potential strategies to protect islet β-cells from amyloid toxicity in pathologic conditions associated with islet amyloid formation.Figure 7

Elevated islet IL-1β levels [@bib13], [@bib40] associated with increased number of islet resident macrophages [@bib9] and reduced islet IL-1Ra levels [@bib37] has been reported in patients with T2D, raising the idea that the balance between IL-1β and IL-1Ra may play a key role in the pathogenesis of T2D. The factor(s) that contribute to changes in IL-1β/IL-1Ra ratio during T2D are still not well understood. One of the key findings of our study was to show that endogenous amyloid formation alters IL-1Ra levels in human islets. Islet IL-1Ra immunoreactivity was higher at early stages of amyloid formation but was markedly reduced at later stages of amyloid formation in cultured human islets. Furthermore, IL-1Ra release from human islets was significantly reduced during culture. The decrease in IL-1Ra levels in human islets cultured in elevated glucose (which formed amyloid) was much more profound than those cultured in normal glucose (which formed no or little amyloid) and was markedly improved by adeno-siRNA-mediated suppression of amyloid formation.

These changes in islet IL-1Ra production and release during amyloid formation in culture adversely correlated with increased islet IL-1β levels. The higher IL-1Ra levels observed at early stages of amyloid formation suggest a local protective mechanism in islets against β-cell apoptotic factors. The decrease in islet IL-1Ra levels at later stages of amyloid formation might be due, at least partially, to progressive β-cell dysfunction and inefficient protein synthesis associated with amyloid toxicity during islet culture. However, expression of β-cell specific proteins, Pdx-1 and MafA, was mildly changed during 7-day culture period therefore other mechanisms, in addition to global decrease in β-cell protein expression, may also contribute to reduced IL-1Ra levels in amyloid forming human islets.

Consistent with our previous findings [@bib12], [@bib14] amyloid formation in human islets during culture in elevated glucose promoted IL-1β production and β-cell (but not α-cell) Fas upregulation, leading to increased β-cell apoptosis. Blocking IL-1β action by treatment of human islets with a neutralizing IL-1β antibody, which specifically blocks IL-1β (but not IL-1α) action, markedly reduced islet IL-1β levels and prevented amyloid-induced Fas upregulation and β-cell death. Moreover, adeno-siRNA-mediated prevention of amyloid formation or specific blockade of IL-1β were both able to efficiently reduce β-cell Fas upregulation and apoptosis in human islets during 7-day culture. Blocking IL-1β action in human islets also enhanced β-cell function and reduced amyloid formation. This finding further supports our previous studies in which we showed that enhancing β-cell function either by glucagon-like peptide-1 (GLP-1) agonists [@bib23] or IL-1 receptor antagonists [@bib12] can improve processing of prohIAPP, the IAPP precursor, thereby reducing amyloid formation.

Resident macrophages [@bib9], [@bib10], [@bib11], [@bib12] and islet β-cells [@bib12], [@bib13], [@bib14], [@bib15] are two potential sources of IL-1β in islets. Therefore, reduced IL-1β immunoreactivity in β-cells of human islets treated with neutralizing IL-1β antibody is likely mediated by two different mechanisms. IL-1β has been shown to increase its own production via auto-stimulation [@bib40]. Thus, blocking IL-1β with a neutralizing antibody can ultimately reduce its production in islet macrophages and β-cells (or other islet cells) by inhibition of IL-1β auto-stimulatory action. Moreover, IL-1β immunoreactivity in islet β-cells might be partially derived from IL-1β that is produced by islets or islet resident macrophages due to amyloid formation and bound to IL-1R1 on β-cells. So prevention of IL-1β binding to IL-1R1 in islet cells by IL-1β antibody treatment may potentially reduce islet IL-1β immunoreactivity.

Interestingly, we also observed IL-1Ra immunoreactivity in the majority of human islet α-cells. This finding suggests that primary human α-cells, same as β-cells, produce IL-1Ra and that elevated IL-1β levels associated with islet culture and amyloid formation may promote IL-1Ra production in α-cells. This notion is supported by our *in vitro* studies, which showed that IL-1β can induce IL-1Ra production in both transformed INS-1 β-cells and αTC-1 cells; albeit IL-1Ra immunoreactivity was much lower in αTC-1 cells and inducing IL-1Ra production in αTC-1 cells required a higher concentration of IL-1β as compared to INS-1 β-cells. It is also possible that IL-1Ra produced and released from islet resident macrophages and β-cells binds to IL-1R1 on α-cells resulting in positive IL-1Ra immunoreactivity in these cells.

Taken together, our findings suggest that modulating IL-1β/IL-1Ra balance by neutralizing IL-1β can prevent amyloid-induced β-cell dysfunction and death. Therefore, restoring the IL-1β/IL-1Ra ratio by treatment strategies that focus on specific blockade of IL-1β or increasing IL-1Ra production in islets may provide an effective therapeutic approach to protect β-cells from amyloid toxicity as well as other factors that mediate islet IL-1β production in T2D. Furthermore, the findings of this study may also be applicable to other amyloid-associated pathologic conditions such as Alzheimer\'s disease in which amyloidogenic Aβ peptide contributes to neural inflammation by promoting IL-1β maturation and release [@bib41]. In support, IL-1Ra is normally produced in human neural cells, and its expression and release are altered in patients with Alzheimer\'s disease [@bib42], [@bib43].

In summary, our studies suggest that amyloid formation impairs the balance between islet IL-1β and IL-1Ra both by increasing IL-1β and reducing IL-1Ra production, thereby promoting β-cell dysfunction and death. Pharmacological strategies to reduce the IL-1β/IL-1Ra ratio may effectively protect β-cells from amyloid toxicity in conditions associated with islet amyloid formation such as T2D and human islet grafts in T1D.
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**Supplementary Figure 1. IL-1Ra immunoreactivity in human islets cultured in low or high glucose.** Paraffin-embedded sections from human islets cultured in 5.5 or 11.1 mmol/L glucose for 7 days were immunolabeled for insulin (red), IL-1Ra (green), and thioflavin S (Thio S; blue). The squares (dashed white lines) denote enlarged regions shown as inserts. Scale bar = 50 μm; inserts: ×3.

**Supplementary Figure 2. IL-1Ra immunoreactivity in human islets.** Paraffin embedded human islet sections from 7-day cultured (11.1 mmol/L glucose) non-transduced or transduced with Ad-prohIAPP-siRNA (or Ad-control-siRNA) were immunolabeled for **(A)** insulin (red) and IL-1Ra (green) or **(B)** glucagon (red) and IL-1Ra (green). **(C)** Paraffin-embedded sections from mouse and human adipose tissue immunolabeled for IL-1Ra (green; positive control). IL-1Ra immuno-labeling was performed using a polyclonal rabbit anti-IL-1Ra antibody (ThermoFisher; PA5-21776). The squares (dashed white lines) denote enlarged regions shown as inserts. Scale bar = 50 μm; inserts: ×3.

**Supplementary Figure 3. IL-1Ra immunoreactivity in INS-1 β-cells and αTC-1 cells. (A)** INS-1 β-cells and **(B)** αTC-1 cells treated with recombinant IL-1β, neutralizing IL-1R1 (nIL-1R1) antibody, or both were immunolabeled for insulin or glucagon (red) and IL-1Ra or Fas (green). Scale bar = 50 μm. The proportion of TUNEL-positive β-cells **(C)** and α-cells **(D)** was quantified by counting the number of double insulin (or glucagon) and TUNEL-positive cells in a minimum of five microscopic fields each containing 300--400 INS-1 β-cells or αTC-1 cells. \*vs corresponding IL-1β non-treated group; \#vs corresponding nIL1R1 non-treated group (*p* \< 0.05, two-way ANOVA).
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